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We discuss the modified top quark condensation model proposed in [54]. This construction was inspired by
the top - seesaw scenario, in which the extra heavy fermion χ is added that may be paired with the top quark.
Besides, this model incorporates the ideas of the Little Higgs scenario, in which the 125 GeV scalar particle
appears as a Pseudo - Goldstone boson. This model admits (in addition to the 125 GeV scalar boson H) the
heavier scalar excitation H ′. We consider the region of parameters, where its mass isMH′ ∼ 1 TeV, the width
of H ′ is ΓH′ ∼ 0.3MH′ , while the mass of the heavy fermion is mχ ∼ 1 TeV. We find that in this model
the value of the cross - section σpp→H′+X→γ+γ+X for
√
s = 13 TeV is essentially smaller than the present
experimental upper bound. Besides, we find, that for the chosen values of parameters there should exist the CP
- even scalar boson with mass ≈ 2mχ and very small width. In addition, the model predicts the existence of the
extra neutral CP even scalar boson and the charged scalar boson with masses of the order of 1 TeV.
PACS numbers: 12.60.Fr 12.60.Rc 14.80.Bn 14.80.Ec
composite Higgs bosons, top - seesaw, LHC, proton - proton collisions
I. INTRODUCTION
ATLAS and CMS announced in December of 2015 an excess of events in the γγ channel at the value of invariant
mass ≈ 750 GeV, which was interpreted in certain publications as the indication of the existence of new particle
[1, 2]. This announcement caused the revival of interest to the composite models of Higgs bosons. A lot of various
models were discussed that pretend to describe the possible origin of this hypothetical particle (for the review see [3],
where, in addition, the references are given to more than 300 theoretical papers, which discuss the possible origin
of this excess of events). The recent analysis of the experimental data strengthened the upper bound on the cross -
section for the production of the hypothetical 750 GeV scalar boson and its decay to two photons [4–7]. With this
upper bound there is still no evidence of the deviation of experimental data from the Standard Model (SM). However,
as before, those deviations are not excluded as long as the experimental upper bound on σpp→H′+X→γγ+X is not
exceeded. Nevertheless, if we assume, that the second Higgs boson exists, its mass is not yet fixed. According to the
present experimental constraints [4–7] the admitted values of σpp→H′+X→γγ+X are smaller than about 5 fb for the
resonance withMH′ ∼ 750 GeV (and ΓH′ ∼ 0.05MH′), this upper bound is increased with the increase of the width
and is decreased with the increase of MH′ , so that it is around 1 fb for the resonance with MH′ ∼ 1600 GeV (and
ΓH′ ∼ 0.05MH′).
Here we discuss the scenario, in which the hypothetical extra scalar bosons as well as the 125 GeV scalar boson
are composed of the top quark and the additional heavy fermion χ. Such scenarios follow the analogy with super-
conductivity and superfluidity. Historically, the scenarios of such type [14, 15] were proposed even earlier, than the
more popular technicolor theory [8, 9]1. The possibility that the Higgs boson is composed of the pair of top quark
and anti top quark was discussed actively starting from [16, 17] (see also [18–21]). Later the models were developed
∗Electronic address: zubkov@itep.ru
1 The techniclolor theory contains an additional set of fermions that interact with the Technicolor (TC) gauge bosons. This interaction is attractive
and, similar to the BCS superconductor theory it leads to the formation of condensate. In order to provide the generation of the fermion masses in
the TC the Extended Technicolor (ETC) interactions [10, 11] are added that unfortunately do not pass the precision Electroweak tests. This occurs
due to the flavor changing neutral currents and because of the contributions to the Electroweak polarization operators. The possible solution of
this problem was discussed actively within the context of the so-called walking technicolor [12, 13].
2[22–28] that contain the elements of both top quark condensation scenario and technicolor. The idea that the Higgs
boson appears as the Pseudo - Goldstone boson was proposed in [29]. This idea was realized, in particular, in the
Little Higgs Models [30–32] which became popular relatively recently. The composite Higgs bosons in the models,
that contain in addition to the top quark the extra heavy fermion χ, were discussed in the framework of the top seesaw
scenario [33, 34].
It is worth mentioning, that among the theoretical papers that appeared between December, 2015 and August, 2016
there are several ones, which consider both 125GeV boson and the hypothetical new heavier Higgs boson as composite
due to the new strong interaction (see, for example, [35, 36]. More papers, however, were devoted to the description
of the composite nature of the heavier (750 GeV) Higgs boson only [37–52]. In the present paper we concentrate on
the scenario, which is based on the application of the model of [54]. This model incorporates several mentioned above
ideas that existed earlier in the high - energy physics (top - quark condensation scenario, top - seesaw scenario, the
appearance of the 125 GeV Higgs boson as the Pseudo - Goldstone boson). Those three ingredients were also present
in the two composite models proposed in [55] and [56]. An extra ingredient, which was incorporated in [54] is the
analogy to the physics of 3He-B superfluid, where the pseudo - Goldstone boson appears with the Leggett frequency
due to the soft breakdown of the basic symmetry by spin - orbit interactions2. According to this analogy the soft
breakdown of the global SU(3)L symmetry is provided in [54] by the four - fermion interaction without the use of
the explicit mass term (this is in contrast to the models of [55, 56]). In the recent experimental paper [53] devoted to
the investigation of 3He this analogy was mentioned as well, and basing on this analogy the existence of new heavy
composite Higgs bosons in the ultraviolet completion of the Standard Model was suggested. In the present paper we
adopt the model of [54] to the description of the possible common origin of the 125 GeV scalar boson and the new
hypothetical scalar particles. We fix for the definiteness the value of the mass of the second Higgs boson to the same
value 750 GeV that was discussed in the mentioned above publications. In view of the results of [4, 5] we do not
consider this value as the preferred one, and take it only as an example. Besides, we represent here our results for the
example choices of parameters withMH′ ≈ 1200 GeV,MH′ ≈ 1600 GeV, andMH′ ≈ 2000 GeV. The values of the
mass of the heavy fermion χ were considered within the interval between 600 GeV and 6000 GeV.
It appears, that without the additional ingredients in the model of [54] the value of the cross - section for the process
pp→ H ′ +X → γγ +X is much smaller than the upper bounds indicated by ATLAS and CMS [3, 4]. This means,
that this model is in accordance with the present experimental data on the γγ channel.
The paper is organized as follows. In Section II we briefly remind the construction of [54], in which the Pseudo
- Goldstone boson composed of top quark and the heavy fermion χ plays the role of the 125 GeV Higgs boson. In
Section III we present the effective lagrangian for the decays of the CP - even composite scalar bosons. In Section IV
we discuss the phenomenology of the considered model: we consider the example choices of parameters and calculate
the decay constants of the first and the second composite scalar bosons. In Section V we end with the conclusions.
II. THE MODEL UNDER CONSIDERATION
A. SU(3) symmetric lagrangian
In this section we shall describe briefly the model setup proposed in [54]. This model follows the line of research
based on the consideration of the top seesaw version discussed in [55]. The model under consideration contains the
SM fermions and the extra colored fermion χ. It is supposed, that there is the hidden interaction between quarks and
χ that may be taken into account effectively through the four - fermion terms. Neglecting the SU(3) breaking terms
and the gauge fields we come to the following form of the partition function:
Z =
∫
Db¯′Db′Dt¯′Dt′Dχ¯′Dχ′ei
∫
d4xLf+i
∫
d4xL
(4)
I (1)
The two terms in the lagrangian Lf and L
(4)
I will be specified below. Here we denote by b
′, t′ and χ′ the Grassmann
variables that compose Dirac spinors of the b - quark, t - quark, and the extra quark χ. In this basis the quantum
numbers of the left - handed χ′L and the right - handed χ
′
R including the hypercharge are equal to the quantum
2 See also [61–63], where some other composite models of the Higgs bosons were proposed basing on an analogy to the models of condensed
matter physics.
3numbers of the right - handed top quark. (The gauge fields are not included into the above expression for the partition
function. However, later we will discuss what will happen if they are included.) Correspondingly, b¯′, t¯′ and χ¯′ are the
independent Grassmann variables representing the conjugate spinors. The kinetic fermion term in the lagrangian is:
Lf = ψ¯
′
L
(
iσ¯µ∂µ
)
ψ′L + ψ¯
′
R
(
iσµ∂µ
)
ψ′R (2)
Here σµ = (1, σ1, σ2, σ3) and σ¯µ = (1,−σ1,−σ2,−σ3), where σa for a = 1, 2, 3 are the Pauli matrices. We denoted
the left and right - handed components of spinors by
ψ′L =

 b
′
L
t′L
χ′L

 , ψ′R =

 b
′
R
t′R
χ′R

 (3)
In the following we also use notationsψ′b = b
′, ψ′t = t
′, ψ′χ = χ
′. The four - fermion interaction term has the following
form:
L
(4)
I =
∑
A=b,t,χ
∑
B,B¯=t,χ
(
ψ¯′L,Aψ
′
R,B
)[
Ω−12×2
]
BB¯
(
ψ¯′R,B¯ψ
′
L,A
)
(4)
We introduce here the 2× 2 matrix of coupling constants
Ω2×2 =
(
ωtt ωtχ
ωχt ωχχ
)
(5)
Here ωtt, ωχχ, ωtχ = ωχt are the real - valued parameters of the dimension of mass squared.
The given model belongs to the class of the Nambu - Jona - Lasinio models that contain the four - fermion inter-
actions. The standard way of dealing with these models is the introduction of the auxiliary Hubbard - Stratonovich
field. In our case this is the 3 × 3 matrix Φ = (0,Φt,Φχ) composed of the two 3 - component complex scalar fields
Φt = (ΦbLtR ,ΦtLtR ,ΦχLtR)
T , Φχ = (ΦbLχR ,ΦtLχR ,ΦχLχR)
T 3. We rewrite the term ei
∫
d4xL
(4)
I entering the
expression for the partition function as follows:
ei
∫
d4xL
(4)
I = const
∫
DΦ+t DΦtDΦ
+
χDΦχe
i
∫
d4xLI (6)
where
LI = −TrΦΩΦ+ −
[
ψ¯′LΦψ
′
R + (h.c.)
]
, (7)
and
Ω =
(
0 0
0 Ω2×2
)
=

 0 0 00 ωtt ωtχ
0 ωχt ωχχ

 (8)
This interaction term may be written explicitly as
LI = −
(
ωtΦ
+
t Φt + ωχΦ
+
χΦχ
+ωtχ[Φ
+
t Φχ +Φ
+
χΦt]
)
−
[(
b¯′L t¯
′
L χ¯
′
L
)
Φtt
′
R +
(
b¯′L t¯
′
L χ¯
′
L
)
Φχχ
′
R
+(h.c.)
]
, (9)
3 In the following we will also use alternative notations Φt = (Φbt,Φtt,Φχt)
T , Φχ = (Φbχ,Φtχ,Φχχ)
T and Φt = (ΦbLt,ΦtLt,ΦχLt)
T ,
Φχ = (ΦbLχ,ΦtLχ,ΦχLχ)
T .
4In the following the three components of ψ will be denoted by b, t, and χ in the basis, in which the mass matrix is
diagonal (these are the true fields of b - quark, top - quark and the new heavy quark χ.
As it was mentioned above, in the initial basis we denote those components by b′, t′ and χ′. In this basis the quantum
numbers of χ′L and χ
′
R including the hypercharge (and the quantum numbers of t
′
R) are equal to the quantum numbers
of the right - handed top quark. This is the doublet field
(
b′L
t′L
)
, which is transformed under the SU(2)L SM gauge
field. At the same time, the mass eigensatates are the mixtures of the states that are transformed in different way under
the SM gauge group. Therefore, the gauge interactions of the SM break the SU(3)L symmetry of Eq. (3), but as well
as it was done in [54], we neglect this here.
The global symmetry of the given lagrangian is SU(3)L⊗U(1)L⊗U(1)t,R⊗U(1)χ,R. Here SU(3)L corresponds
to the SU(3) rotations of ψL, while the U(1) parts of the global symmetry of our lagrangian correspond to the
transformations ψL → eiαψL, ψt,R → eiβψt,R, and Φt → ei(α−β)Φt (and the similar transformation for χ).
Using orthogonal rotation of tR and χR we may bring Ω to the diagonal form, in which representation it is denoted
by
Ω(0) =

 0 0 00 ω(0)t 0
0 0 ω
(0)
χ

 (10)
B. Soft breakdown of SU(3)L
Up to this point the description of the model followed that of [55]. (A similar construction has also been considered
in [56].). However, unlike [55] in our approach the explicit mass terms∼ χ¯LtR and∼ χ¯LχR are not added. Instead we
restrict ourselves with the four - fermion interaction terms and do not consider the explicit mass term. The following
terms are added to the lagrangian (of the model written in the form with the auxiliary field Φ)
LG = g
(0)
χ |Φ3χ|2 + g(0)t |Φ3t |2 + g(0)tχ
(
Φ¯3χΦ
3
t + (h.c.)
)
= TrΦG(0)Φ+Υ3, (11)
and
LB = −b(0)χ |ImΦ3χ|2 − b(0)t |ImΦ3t |2
−2b(0)tχ (ImΦ3χ)(ImΦ3t )
=
1
4
Tr (Φ− Φ∗)B(0)(ΦT − Φ+)Υ3, (12)
where
G(0) =


0 0 0
0 g
(0)
t g
(0)
tχ
0 g
(0)
tχ g
(0)
χ

 , B(0) =


0 0 0
0 b
(0)
t b
(0)
tχ
0 b
(0)
tχ b
(0)
χ

 ,
Υ3 =

 0 0 00 0 0
0 0 1

 (13)
After the integration over Φ we arrive instead of Eq. (4) at the four - fermion interaction of a more complicated form,
which does not preserve the SU(3)L symmetry.
As it was mentioned above, we may bring Ω to the diagonal form via the orthogonal rotations of ψR. Further the
representation in this basis will be assumed. We also imply that the elements of matrices Ω, B and G (that contain
coupling constants) are real - valued.
Symmetry breaking pattern in the givenmodel is as follows. Without the SU(3) breaking terms we have the original
global SU(3)L⊗U(1)L⊗U(1)t,R⊗U(1)χ,R symmetry that is broken spontaneously down toU(1)t⊗U(1)χ⊗U(1)b.
(Here U(1)t, U(1)χ act on the left and the right - handed components of t and χ while U(1)b acts on the left - handed
5b - quark.) As a result among the 12 (real - valued) components of Φ we have 8 Goldstone bosons. In the notations of
[54] we have 4 massless states that are composed of b - quark: H±t , H
±
χ , there are 3 CP - odd massless states At, piχ
and
Aχmχ+pitmt√
m2t+m
2
χ
, and there is one CP - even massless state
mχhχ−mtϕt√
m2t+m
2
χ
.
When the SU(3) breaking modification of the model is turned on, the original symmetry is reduced to SU(2)L ⊗
U(1)L. This symmetry is broken spontaneously down to U(1)b. As a result we have 3 exactly massless Goldstone
bosons to be eaten byW± and Z , and 5 Pseudo - Goldstone bosons. Only one of those Pseudo - Goldstone bosons is
the CP even neutral scalar. It is to be identified with the 125 GeV scalar particle.
C. Gap equation and the basis of mass eigenstates
The input parameters of the model are: ω
(0)
t , ω
(0)
χ , g
(0)
t , g
(0)
tχ , g
(0)
χ , b
(0)
t , b
(0)
tχ , b
(0)
χ , Λ, whereΛ is the ultraviolet cutoff
to be used in the integrals over momenta in the effective model with the four - fermion interactions.
In [54] the gap equation has been derived in the leading order in the 1/Nc expansion, which determines the conden-
sate of the Hubbard - Stratonovich field Φ, and the corresponding masses of the fermions. It appears, that the mass
eigenstates ψ are related to the initial fermions as follows
ψ′L = ΘψL, ψ
′
R = AψR,
ΘTΦA = diag(0,mt,mχ) + Φ˜ (14)
where Φ˜ has vanishing condensate and represents excitations above vacuum, while
Θ = exp
(
− iθσ2
)
, A = exp
(
− iασ2
)
,
σ2 =

 1 0 00 0 −i
0 i 0

 (15)
As a result we come to the following form of gap equation with diagonal matrix mˆ = diag(0,mt,mχ):
ATΩ(0)A−AT G(0)AmˆΘT Υ3Θ mˆ−1
= 2Nc IΛ(mˆ) (16)
where Nc = 3 while by IΛ(m) we denote the function given by the integral
IΛ(m) =
i
(2pi)4
∫
d4l
1
l2 −m2 (17)
We also introduce the integral
IΛ(m1,m2, p) = − i
(2pi)4
∫
d4l
1
(l2 −m21)[(p− l)2 −m22]
(18)
Both Eqs. (17) and (18) depend on the value of the effective ultraviolet cutoff Λ of the theory with the four - fermion
interactions. We do not specify here how it is incorporated into the theory in the particular regularization. The
important point about the regularization is that the shift of the variable l → l + a may be made in the integral [72].
That means that this is not possible simply to cut the integrals at |l| = Λ from the very beginning4. The possibility to
apply the mentioned shift of the integration variable is used when we calculate the one - loop effective action for the
4 The example of the regularization that allows the change of variables l → l + a is presented, for example, in [72]. Also the dimensional
regularization may play such a role [74–76], but then Λ is given by a certain combination of the dimensional parameter µ of the regularization
and ǫ = 4−D. The bare coupling constants entering the four - fermion interaction term in the dimensional regularization are related to the bare
parameters of the model in the other regularizations by a finite renormalization. Dzeta - regularization also admits the shift l → l + a (see, for
example, [67–69]).
6composite scalar boson [54]. As a result the quadratically divergent terms are cancelled in this effective action and one
is left with the logarithmic divergent integrals. Those integrals are already simply cut at the (Euclidean) momentum
p2 = Λ2. This is a more or less standard procedure (see, for example, [71] and references therein). Within this
procedure we have
NcIΛ(ma,mb, p) = (19)
Nc
16pi2
∫ 1
0
dx log
Λ2
m2ax+m
2
b(1− x)− p2x(1 − x)
(20)
and
NcIΛ(ma,mb, 0) =
NcIΛ(mb)−NcIΛ(ma)
m2a −m2b
(21)
The difference between the final results and the results obtained using the original regularization (that allows the
shift l → l+ a) disappears in the formal limit Λ→∞. Altogether this procedure of the calculation of effective action
may be considered as the phenomenological low energy theory with a certain dimensional parameter Λ. In [72] it is
demonstrated, that this procedure is consistent with the 1/Nc expansion in the NJL model if Λ is at most several times
larger, than the dynamical quark mass 5.
Using the dimensional regularization one is able to obtain the relations Eq. (20) and Eq. (21) precisely. For this the
effective cutoff is taken equal to
Λ = µ exp
( 1
4−D −
γE
2
+
log 4pi
2
)
(22)
where µ is the dimensional parameter entering each integral over momenta through the combination dDpµ4−D, while
D is the dimension of space - time; γE is the Euler constant. The similar situation takes place in zeta regularization.
Moreover, in those two regularizations one is able to use formally the 1/Nc expansion in the complete model with finite
value of Λ and with any relation between Λ and the dynamical masses of fermions (see, for example, [54, 67, 69]).
The elements of Φ˜ are denoted by
Φ˜ =


0 H−t H
−
χ
0 1√
2
(ht + iAt)
1√
2
(hχ + iAχ)
0 1√
2
(ϕt + ipit)
1√
2
(ϕχ + ipiχ)

 (23)
By gχ, gt, gtχ = gχt we denote the elements of matrix
G = AT G(0)A (24)
By ωt, ωχ, ωtχ = ωχt we denote the elements of matrix
Ω = ATΩ(0)A (25)
The angles θ, and α, and the values of masses mt, mχ are to be determined through the solution of the following
system of equations, which is accompanied by Eqs. (24), (25):
tg 2θ =
2 gtχ
gχmχ/mt − gtmt/mχ
ωtχ =
(
gt
mt
mχ
sin θ + gtχ cos θ
)
cos θ (26)
ωt = ft + 2Nc IΛ(mt)
ωχ = fχ + 2Nc IΛ(mχ), (27)
5 In the example choice of parameters considered here we have 4mχ > Λ
7where
ft = sin θ
(
gtsin θ + gtχ
mχ
mt
cos θ
)
fχ = cos θ
(
gtχ
mt
mχ
sin θ + gχ cos θ
)
(28)
Unfortunately the final solution of this system of equations is so complicated, that we do not represent it here. Notice,
that there exist the critical values of coupling constants that separate the region of parameters, for which the gap
equation has the nonzero solution formt and (or)mχ from the region of parameters, where there is no such a solution.
By bχ, bt, btχ = bχt we denote the elements of matrix
B = AT B(0)A (29)
These values may be calculated once the value of α is known.
III. THE EFFECTIVE LAGRANGIAN FOR THE DECAYS OF THE CP - EVEN SCALAR BOSONS
A. Higgs boson decay constants
Typically the production cross - sections and the decays of the neutral Higgs bosonX are described by the effective
lagrangian of the following form:
Leff = c
H
W
2m2W
η
H W+µ W
−
µ + c
H
Z
m2Z
η
H ZµZµ + c
H
g
αs
12piη
H GaµνG
a
µν + c
H
γ
α
piη
H AµνAµν
−cHt
mt
η
t¯tH − cHχ
mt
η
χ¯χH − cHχt
mt
η
(χ¯LtR + h.c.)H − cHtχ
mt
η
(t¯LχR + h.c.)H (30)
Here Gµν and Aµν are the field strengths of gluon and photon fields. We do not consider here the masses of the
fermions other than the top quark and χ. Therefore, we omit in this lagrangian the terms responsible for the core-
sponding decays. This effective lagrangian should be considered at the tree level only and describes the channels
H → gg, γγ, ZZ,WW, tt¯, χχ¯, χt¯, tχ¯. The fermions andW bosons have been integrated out in the terms correspond-
ing to the decays H → γγ, gg, and their effects are included in the effective couplings cHg and cHγ . In the SM we
have ct = cZ = cW = 1, while cg ≃ 1.03 , cγ ≈ −0.81 (see [64]). In [54] it was demonstrated, that the mentioned
coupling constants for the CP even pseudo Goldstone boson coincide with that of the SM 125 GeV Higgs boson H
when the ratiomt/mχ is neglected.
In general case the constants for the decays to two photons and two gluons are related to the values of cHt and c
H
χ as
follows:
cHg = c
H
t Af
(
M2H/(4m
2
t )
)
+ cHχ Af
(
M2H/(4m
2
χ)
)mt
mχ
(31)
with
Af (τ) =
3
2τ2
(
(τ − 1)f(τ) + τ
)
(32)
and
f(τ) = arcsin2
√
τ , τ < 1
f(τ) = −1
4
[
log
1 +
√
1− τ−1
1−√1− τ−1 − ipi
]2
, τ > 1 (33)
cHγ is given by
cHγ =
2
9
cHt Af
(M2H
4m2t
)
+
2
9
cHχ Af
(M2H
4m2χ
)mt
mχ
−7
8
cHWAv
( M2H
4M2W
)
(34)
8B. Calculation of neutral scalar boson masses
Let us demonstrate how to calculate the values of ct, cχ. The decays of the field Φ to the pairs tt¯ and χχ¯ are
described by the lagrangians
LΦ→t¯t = −
[
t¯LΦtttR + (h.c.)
]
(35)
and
LΦ→χ¯χ = −
[
χ¯LΦχχχR + (h.c.)
]
(36)
The mass eigenstates of the fermions enter those expressions. Correspondingly the fields Φtt and Φχχ are defined in
this basis. Let us compose the four - component field out of the real parts of Φij :
Φ =


Φtt
Φtχ
Φχt
Φχχ

 (37)
The effective action for this field is given by
SΦ =
∑
p
ΦTp P ′(p2)Φp (38)
where matrix P ′(p2) was calculated in [54]. Let us represent it as follows:
P ′(p2) = −p2Zˆ2 +M2, (39)
where
M
2 =


4m2t×
×NcIΛ(mt,mt, p)
+ft − gtλt
ωtχ − gtχλt −gtλtχ −gtχλtχ
ωtχ − gtχλt
(m2t +m
2
χ)×
×NcIΛ(mt,mχ, p)
+(m2t −m2χ)NcIΛ(mχ,mt)
+fχ − gχλt
2mtmχ×
×NcIΛ(mt,mχ, p)
−gtχλtχ
−gχλtχ
−gtλtχ 2mtmχ××NcIΛ(mt,mχ, p)− gtχλtχ
(m2t +m
2
χ)×
×NcIΛ(mt,mχ, p)
−(m2t −m2χ)NcIΛ(mχ,mt)
+ft − gtλχ
ωtχ − gtχλχ
−gtχλtχ −gχλtχ ωtχ − gtχλχ
4m2χ×
×NcIΛ(mχ,mχ, p)
+fχ − gχλχ


(40)
where
λt = sin
2θ, λχt = sinθ cosθ, λχ = cos
2θ
and
Zˆ =


√
NcIΛ(mt,mt, p) 0 0 0
0
√
NcIΛ(mt,mχ, p) 0 0
0 0
√
NcIΛ(mt,mχ, p) 0
0 0 0
√
NcIΛ(mχ,mχ, p)

 (41)
9Next, we define
Φˆ = ZˆΦ (42)
and Mˆ2 = Zˆ−1M2Zˆ−1. As a result the effective action receives the form
SˆΦ = i
∑
p
log Zˆ(p) +
∑
p
ΦˆTp (−p2 + Mˆ2(p))Φˆp (43)
Matrix Mˆ2 may be diagonalized using transformations: mˆ2 = OT Mˆ2O =
diag (m2H1(p),m
2
H2
(p),m2H3(p),m
2
H4
(p)) is diagonal. For Euclidean momenta p2 < 0 matrices O are orthog-
onal. For p2 > 0 the elements of this matrix are complex - valued, but it obeys OTO = 1 anyway. The masses of the
scalar excitations may be found through the equations
p2 = m2Hi(p) (44)
In the present section we limit ourselves with the consideration of neutral scalar bosons. The procedure for the
calculation of the charged scalar boson masses and pseudo - scalar boson masses was developed in [54].
C. Calculation of cHt and c
H
χ
The columns of the matrix O form the eigenvectors of matrix Mˆ2:
O =
(
oH1(p) oH2(p) oH3(p) oH4(p)
)
(45)
The eigenvectors oHi(p) = (o
1
Hi
, o2Hi , o
3
Hi
, o4Hi)
T are normalized in such a way, that
o
T
HioHj =
∑
k
okHio
k
Hj = δij
For the space - like momenta with p2 < 0 and for the time - like momenta below the threshold the values of okHi are
real, while those values may become complex above the threshold, when p2 > 4m2t . The effective action now receives
the form
SˆΦ = i
∑
p
log Zˆ(p) +
1
2
∑
p
HTp (−p2 + mˆ2(p))Hp (46)
where
H =
√
2OT Φˆ =
√
2OT ZˆΦ (47)
The inverse relation is
Φ =
1√
2
Zˆ−1OH (48)
This results in
LΦ→t¯t = −
∑
i
1√
2ZttHi
[
t¯Lo
1
iHitR + (h.c.)
]
(49)
and
LΦ→χ¯χ = −
∑
i
1√
2ZχχHi
[
χ¯Lo
4
iHiχR + (h.c.)
]
(50)
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Here the sum is over all existing composite scalar fields Hi, which are called also in the text H , H
′, H ′′, H ′′′. At the
same time ZttH =
√
NcIΛ(mt,mt,MH) and ZχχH =
√
NcIΛ(mχ,mχ,MH). This gives
cHt =
o1H
ZttH
, cHχ =
o4H
ZχχH
(51)
In the similar way one may calculate the coupling constants
cHtχ =
o2H
ZtχH
, cHχt =
o3H
ZχtH
(52)
where ZtχH = ZχtH =
√
NcIΛ(mt,mχ,MH).
D. Calculation of cHW and c
H
Z
In order to calculate cHW let us recall, that the components of the scalar field (in the basis of the mass eigenstates of
fermions) should be expressed through its components in the basis of the states, which experience weak interactions.
The mass eigenstates χL and tL are composed of the original χ
′
L and t
′
L:
χL = −sin θ t′L + cos θ χ′L
tL = cos θ t
′
L + sin θ χ
′
L (53)
This is the field
(
b′L
t′L
)
, which carries the quantum numbers of the SM SU(2)L left - handed doublets. At the same
time t′R, χ
′
L, χ
′
R carry the quantum numbers of the right - handed top quark. Correspondingly, we represent
Φχt = −sin θΦt′
L
t + cos θΦχ′
L
t
Φχχ = −sin θΦt′
L
χ + cos θΦχ′
L
χ
Φtt = cos θΦt′
L
t + sin θΦχ′
L
t
Φtχ = cos θΦt′
L
χ + sin θΦχ′
L
χ (54)
The four - vector of Eq. (37) is expressed through the corresponding vector Φ˜ = (Φ′t′
L
t,Φ
′
t′
L
χ,Φ
′
χ′
L
t,Φ
′
χ′
L
χ)
T as
Φ = ΘΦ˜, Θ =


cosθ 0 sinθ 0
0 cosθ 0 sinθ
−sinθ 0 cosθ 0
0 −sinθ 0 cosθ

 (55)
In order to calculate the W and Z boson masses in our model in the leading order of 1/Nc expansion this is necessary
to calculate the terms in effective action in the presence of external SU(2)⊗ U(1) gauge field up to the second order
in the gauge field. To calculate those terms one should expand the fermion Determinant in the presence of external
gauge field in powers of this field. This procedure leads to rather complicated nonlinear equations to be solved (for
the description of the method see, for example, [18]).
Instead we use for the estimate ofMW andMZ the simplified method based on the construction of the low energy
effective lagrangian. Namely, we approximate our model by the effective theory with the action
SΦ =
∫
d4x
(
Φ+Zˆ20✷Φ− U(Φ)
)
(56)
Here U(Φ) is the effective potential, which has its minimum at Φ = (mt, 0, 0,mχ)
T and provides the appearance of
correct masses of these excitations. At the same time Zˆ20 is defined as the value of matrix Zˆ
2(p) at p = 0. Eq. (56)
gives the proper estimate of the effective low energy theory of the scalar field, which incorporates both its condensation
and the masses of excitations above the condensate. The interaction with gauge field Aµ is then introduced gauging
the derivative ∂µ → ∂µ − iAµ.
11
The kinetic part of effective action that gives masses of the gauge bosons may be represented as follows
Sp
2
Φ =
∑
p
ΦTp Zˆ
2
0p
2Φp =
∑
p
Φ˜TpΘ
T Zˆ20p
2ΘΦ˜ (57)
When acting on Φ′t′
L
t,Φ
′
t′
L
χ the operator pˆ
2 is to be substituted by the gauge field squared A2 = 14 (2g
2
WW
+
µ W
µ +
g2ZZµZ
µ). Using relationsMZ = gZη/2 andMW = gW η/2 we come to the part of effective action, which contains
the terms responsible for the interaction of the scalar fields withW and Z bosons.
SA
2
Φ =
∑
p
Φ˜TpΠtΘ
T Zˆ20ΘΠtΦ˜
(
2
M2W
η2
WW+ +
M2Z
η2
Z2
)
(58)
where
Πt =


1 0 0 0
0 1 0 0
0 0 0 0
0 0 0 0

 (59)
Next, we express this action in terms of Φ:
SA
2
Φ =
∑
p
ΦTpWΦ
(
2
M2W
η2
WW+ +
M2Z
η2
Z2
)
(60)
whereW = ΘΠtΘT Zˆ20ΘΠtΘT .Therefore,
W =


cos4θZtt0
+cos2θsin2θZtχ0
0
−cos3θZtt0sinθ
−cosθsin3θZtχ0 0
0
cos4θZtχ0
+cos2θsin2θZχχ0
0
−cos3θZtχ0sinθ
−cosθsin3θZχχ0
−cos3θZtt0sinθ
−cosθsin3θZtχ0 0
cos2θsin2θZtt0
+sin4θZtχ0
0
0
−cos3θZtχ0sinθ
−cosθsin3θZχχ0 0
cos2θsin2θZtχ0
+sin4θZχχ0


Since 〈Φ〉 = (mt, 0, 0,mχ)T we obtain the following expression (that relates parameters of the model with η) from
the requirement, thatW and Z bosons acquire the observable masses:
η2 = 2m2tcos
2θ(Z2tt0cos
2θ + Z2tχ0sin
2θ)
+2m2χ sin
2θ (Z2χχ0sin
2θ + Z2tχ0cos
2θ)
≈ 2Z2tt0m2t
(
1 +
g2tχ
g2χ
Z2tχ0
Z2tt0
)
+O(m2t /m
2
χ) (61)
In order to evaluate the accuracy of this estimate of η we may compare our result with that of extracted from another
possible version of the effective low energy theory for Φ. In this version instead of the first term in Eq. (56) that is Eq.
(57) the kinetic term has the form (in which it is taken into account that mass operator depends logarithmically on p):
Sp
2
Φ =
∑
p
ΦTp
(
Zˆ20 −
d
dp2
M
2(p)
∣∣∣
p=0
)
p2Φp (62)
This gives the estimate of the accuracy of the obtained value of η within about 10 per cent for the example choices of
parameters considered in the next section. Notice, that while dealing with both Eq. (57) and Eq. (62) we neglect the
logarithmic dependence in Eq. (56) of U(Φ) on ✷. This dependence appears on the same grounds as the dependence
of M on p. The corresponding p - depending terms are of the same order of magnitude. That is why the difference
between the values of η extracted from Eq. (56) and Eq. (62) gives the accuracy of our evaluation of η.
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The terms in Eq. (60) with the first power of the physical scalar field H are given by
SH,A
2
Φ = H
(
2
M2W
η
WW+cHW +
M2Z
η
Z2cHZ
)
(63)
cHW = c
H
Z =
(cos4θZttH + cos2θsin2θZtχH√
ZttH
o1H
+
−cos3θZttHsinθ − cosθsin3θZtχH√
ZtχH
o3H
)
+
mχ
mt
(−cos3θZtχHsinθ − cosθsin3θZχχH√
ZtχH
o2H
+
cos2θsin2θZtχH + sin
4θZχχH√
ZχχH
o4H
)
(64)
IV. PHENOMENOLOGY
A. Partial widths
In order to evaluate the branching ratio Br(H ′ → γγ) we estimate the partial widths for the decays of H ′. For the
H ′ → gg decay we have:
ΓH′→gg =
(αs
6pi
)2
· M
3
H′
4pim2t
∣∣∣cH′g
∣∣∣2 ≈ 25MeV× ∣∣∣cH′g
∣∣∣2 × ( MH′
750GeV
)3
, (65)
For the processH ′ → γγ we have
ΓH′→γγ =
(α
pi
)2 M3H
8pim2t
|cHγ |2 ≈ 3.6 MeV× |cH
′
γ |2 ×
( MH′
750GeV
)3
(66)
Here the fine structure constant is given by α(M2H′ ) = 1/125. The tree level estimate for the processH
′ → tt¯ is
ΓH′→tt¯ =
3
16pi
MH′ |cH
′
t |2
(
1− 4m
2
t
M2H′
)3/2
(67)
In particular, forMH′ = 750 GeV this estimate gives ΓH′→tt¯ ≈ 31 GeV× |cH′t |2×.
The decay of H ′ to bb¯ goes through the exchange by the virtual charged scalar whose mass was denoted in [54] by
M
(2)
H±t ,H
±
χ
. The transition between b and t is accompanied by the ejection of the corresponding scalar particle. This
is not completely clear are we able or not to apply the perturbation theory for the calculation of the interaction vertex
bb¯H ′. Therefore, we represent here
ΓH′→bb¯ =
3ζbbtt
16pi
MH′ |cH
′
t |2
(
1− 4m
2
b
M2H′
)3/2
≈ 45 GeV× ζbbtt|cH
′
t |2 ×
( MH′
750GeV
)
(68)
where ζbbtt is the effective coupling constant that encodes the diagram with the four external lines corresponding to b,
b¯, t, t¯, and the integral over momentum that corresponds to joining of the lines with t and t¯ at the point, where H ′ is
created. In principle, we may add to our phenomenological model the four - fermion terms to the action, which give
rise directly to this diagram. Therefore, ζbbtt here may actually be considered as the phenomenological parameter.
This parameter may be estimated using the value of the decay constant of the 125 GeV Higgs boson H into the pair
b¯b: ΓH→bb¯ ≈ 3ζbbtt16pi MH
(
1 − 4m2b
M2
H
)3/2
. We know, that this value is to be close to the one predicted by the SM. This
gives
ζbbtt ≈ m
2
b
m2t
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Taking into account that ζbbtt ≪ 1 we neglect the contribution of this decay to the total width.
Thus our model predicts the total width
ΓH
′
tot ≈ ΓH′→tt¯
Notice, however, that the above tree level estimate for ΓH′→tt¯ differs from the estimates of ΓH
′
tot given in Tables I, II,
III, IV, V, VI. The reason is that in those Tables the estimate for the total decay width is given through the imaginary
part of the masses of H ′, while those masses appear as the zeros of function P ′(p2). This function contains the
resummed diagrams. Therefore, the estimate of the decay width presented in Tables I, II, III, IV, V, VI is more precise
than that of the tree - level estimate of Eq. (67).
B. Cross - section for the process pp→ H ′ +X that goes through the gluon fusion and the annihilation of the botton
quarks
According to [66] all partons existing in proton may be able to annihilate with the creation of the neutral scalar
bosons. The corresponding cross - section is given by
σpp→H′ =
∑
P
σ
(PP¯)
pp→H′ =
∑
P
1
MHs
[CPP¯ΓH′→PP¯ ]KPP¯ (69)
where P = u, d, s, c, b, t, g, γ denotes the partons, ΓH′→PP¯ is the width for the decay of H ′ to the given partons,
while
√
s = 13 TeV. The values of the partonic integrals CPP are given in Eq. (4) of [66]:
Cgg =
pi2
8
1∫
M2
H′
/s
dx
x
g(x)g(M2H′/(sx))
Cγγ = 8pi
2
1∫
M2
H′
/s
dx
x
γ(x)γ(M2H′/(sx))
Cqq¯ =
4pi2
9
1∫
M2
H′
/(sx)
dx
x
(
q¯(x)q(M2H′/(sx))
+q(x)q¯(M2H′/(sx))
)
(70)
Here g(x), γ(x), q(x), and q¯(x) are the parton distributions of gluons, photons, quarks, and anti-quarks correspond-
ingly. We calculate parton distributions using the MSTW2008NLO package [77]. For our (rough) estimate we take
the factor KPP¯ ≈ 1.5 (that accounts for the gluon corrections) following [66] for the gluon - gluon channel and
KPP¯ ≈ 1.2 for the quark - anti quark channel .
In our model there exist the contributions from the gluon - gluon fusion, the annihilation of b and b¯ and the photon -
photon fusion. The latter is suppressed by the smallness of the fine structure coupling constant as well as by the small
value of Cγγ . For the gluon fusion at
√
s = 13 TeV we take the valueCgg = 2137 [66] atMH′ = 750GeV, we obtain
using the MSTW2008NLO package the values Cgg = 174 atMH′ = 1200 GeV, Cgg = 31 atMH′ = 1600 GeV, and
Cgg = 7 atMH′ = 2000 GeV. For example, atMH′ = 750 GeV this gives
ΓH′→gg ≈ 25.4MeV×
∣∣∣cH′g
∣∣∣2 , (71)
We assume αs(MH′) = 0.090 and obtain forMH′ ∼ 750 GeV
σ
(gg)
pp→H′X ≈ 250 fb×
∣∣∣cH′g
∣∣∣2 (72)
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For the annihilation of the b - quarks we have Cbb ∼ 15 at MH′ = 750 GeV, Cbb ∼ 1.2 at MH′ = 1200 GeV,
Cbb ∼ 0.2 atMH′ = 1600GeV, andCbb ∼ 0.04 atMH′ = 2000GeV. (Again, we use the MSTW2008NLO package.)
We also use that
1
TeV2
≈ 0.389 106 fb (73)
and, for example, atMH = 750 GeV we obtain
σ
(bb)
pp→H′ ≈ 2.5× 103 ζbbtt|cH
′
t |2 fb (74)
C. Cross - section for the process pp→ H ′ +X → γγ +X
In the model of [54], which was consideredwithout any extensions, the value of the cross section σpp→H′+X→γγ+X
is given by the product of the branching ratio
Br(H ′ → γγ) ≈ 3.6MeV |c
H′
γ |2
31GeV |cH′t |2
(75)
and a production cross - section given by the sum of the two terms σ
(bb)
pp→H′ and σ
(gg)
pp→H′ . As a result forMH′ = 750
GeV and
√
s = 13 TeV we get
σpp→H′+X · Br(H ′ → γγ) ≈
(
0.03|cH′g |2
+0.3ζbbtt|cH
′
t |2
)
× |c
H′
γ |2
|cH′t |2
fb. (76)
We assume, that ζbbtt ≤ 0.1 while our numerical estimates give |cH′t |2 ∼ 1, |cH
′
g |2 ∼ 1, |cH
′
γ |2 < 1. For all considered
choices of parameters with different values of MH′ at
√
s = 13 TeV we present the values of the cross section
σpp→H′+X→γγ+X = σpp→H′+X · Br(H ′ → γγ) in the captions to Tables I, II, III, IV, V, VI. We can see, that
this cross section is decreased fast when the value of MH′ is increased. Overall, we come to conclusion, that at the
considered choices of parameters this model gives the values of the cross - section
σpp→H′+X · Br(H ′ → γγ) ≤ 0.03 fb. (77)
In our model in addition to the second neutral CP - even Higgs boson there are the other two scalar bosons H ′′ and
H ′′′ with the masses, that are of the same order of magnitude, but larger thanMH′ . Our rough estimates of the upper
bound on the cross - sections of the creation of those states give the same inequality of Eq. (77).
The present experimental upper bounds on the cross - section at
√
s = 13 TeV are presented in Fig. 6 of [78]. They
give, for example, for the resonance with the width ∼ 0.06MH′ and the massMH′ ∼ 1 TeV:
σpp→H′+X · Br(H ′ → γγ) ≤ 1 fb. (78)
This value is decreased with the increase of MH′ , and gives the value around 0.1 fb at MH′ ∼ 3 TeV. If the cross -
section of the second Higgs approaches this value, then the model of [54] should be extended. There are in general two
possibilities. The first one is to modify the model in such a way that the production cross - section ofH ′ is enhanced.
The other way is to provide sufficiently larger value of the partial decay width ΓH′→γγ . The first may, in principle
be achieved if we assume, that the heavy quarks are created out of the light quarks at the pp collisions. The second
may be achieved following the idea of [52] that the decay of H ′ to two photons may go through the virtual loop of
composite charged bosons.
D. The example choices of parameters that provideMH = 125 GeV,MH′ ≈ 750 GeV, 1200 GeV, 1600 GeV, 2000 GeV,
and ΓH′ ∼ 0.3MH′
In this section we represent the example choices of the parameters of the model, which allow to identify the experi-
mentally observed scalar boson with mass 125 GeV with the CP even goldstone boson of our model, while the second
CP even scalar boson mass is around 750 GeV, 1200 GeV, 1600 GeV, and 2000 GeV with the width ΓH′ ≈ 0.3MH′ .
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Λ g
1/2
t g
1/2
χ g
1/2
tχ mt mχ MH η
2757 260 38 100 174 1800 125 246
MH′ ΓH′ MH′′ ΓH′′ MH′′′ ΓH′′′ MH± ΓH±
751 236 3601 0.28 2352 378 829 378
CH
′
t C
H′
χ C
H′
g C
H′
γ C
H′
W C
H′
Z C
H′
tLχR C
H′
χLtR
2.853
−0.765 i
0.0641
−0.0146 i
2.142
+2.84 i
0.480
+0.660 i
−0.0863
−0.0513 i
−0.0863
−0.0513 i
1.74
+0.496 i
0.246
−0.154 i
CHt C
H
χ C
H
g C
H
γ C
H
W C
H
Z C
H
tLχR C
H
χLtR
0.854 −0.00442 0.881 −0.577 0.740 0.740 −5.16 0.469
C
H,SM
t C
H,SM
χ C
H,SM
g C
H,SM
γ C
H,SM
W C
H,SM
Z C
H,SM
tLχR
C
H,SM
χLtR
1 0 1.03 −0.814 1 1 0 0
TABLE I: In this table we represent the example choice of the parameters of the model that corresponds to mχ = 1800 GeV,
MH′ = 750 GeV, and ΓH′ ≈ 240 GeV. We represent here parameters gt, gχ, gtχ,Λ, and the corresponding values of the mass of
the second Higgs MH′ , the mass of the third Higgs MH′′ , and the mass of the charged scalar boson H
±. We also represent here
the decay widths to the pairs consisted of χ, t, b. All dimensional values are given in GeV. Besides, we represent here the effective
couplings of the first and the second Higgs bosons to the fields of the Standard Model and to χ (those couplings are dimensionless).
We also represent here for the comparison the decay constants of the SM Higgs boson (the corresponding values are supplemented
by the superscript SM ). For this choice of parameters σpp→H′+X→γγ+X ≈ 0.032 fb while σpp→H′+X ≈ 3.1 pb at
√
s = 13
TeV.
Λ g
1/2
t g
1/2
χ g
1/2
tχ mt mχ MH η
4694 285 62 132 174 1200 125 246
MH′ ΓH′ MH′′ ΓH′′ MH′′′ ΓH′′′ MH± ΓH±
750 198 2403 1.16 1688 238 841 326
CH
′
t C
H′
χ C
H′
g C
H′
γ C
H′
W C
H′
Z C
H′
tLχR C
H′
χLtR
2.60
−0.561 i
0.0768
−0.0147 i
1.81
+2.65 i
0.413
+0.614 i
−0.0918
−0.0243 i
−0.0918
−0.0243 i
1.32
+0.192 i
0.346
−0.159 i
CHt C
H
χ C
H
g C
H
γ C
H
W C
H
Z C
H
tLχR
CHχLtR
0.896 −0.00584 0.924 −0.595 0.767 0.767 −3.57 0.485
TABLE II: In this table we represent the example choice of the parameters of the model that corresponds to mχ = 1200
GeV, MH′ = 750 GeV, and ΓH′ ≈ 200 GeV. All dimensional values are given in GeV. For this choice of parameters
σpp→H′+X→γγ+X ≈ 0.025 fb while σpp→H′+X ≈ 2.5 pb at
√
s = 13 TeV.
First of all, let us list the relations to be provided by our choice of parameters:
1. η ≈ 246 GeV
2. MH ≈ 125 GeV
3. ReMH′ ≈ 750GeV, 1200 GeV, 1600 GeV, and 2000 GeV
4. ΓH′ ∼ 0.3MH′
We have in total 5 parameters to be fixed: Λ,mχ, gχ, gt, gtχ, and 4 equations to be solved. In order to fix the initial
parameters of the model corresponding to the chosen values ofmχ and ΓH′ (dominated by the partial decay width for
H ′ → t¯t) we use the numerical methods based on the gradient descend algorithm. Those numerical methods allow us
to fix the values of ReMH′ ≈ 750GeV, 1200 GeV, 1600 GeV, 2000 GeV, and η = 246 GeV,MH = 125 GeV with
the accuracy of about 1 per cent.
We considered the ranges of the values ofmχ:
600GeV ≤ mχ ≤ 6000GeV
and the ranges of ΓH′ :
20GeV ≤ ΓH′ ≤ 700GeV
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Λ g
1/2
t g
1/2
χ g
1/2
tχ mt mχ MH η
11286 273 80.1 144.6 174 1600 125 246
MH′ ΓH′ MH′′ ΓH′′ MH′′′ ΓH′′′ MH± ΓH±
750 160 3201 0.12 2163 196 712 93.7
CH
′
t C
H′
χ C
H′
g C
H′
γ C
H′
W C
H′
Z C
H′
tLχR C
H′
χLtR
2.3364
−0.411 i
0.0246
−0.003 i
1.5113
+2.42 i
0.337
+0.5399 i
−0.0057
−0.0011 i
−0.0057
−0.0011 i
1.176
+0.14 i
0.00284
−0.0385 i
CHt C
H
χ C
H
g C
H
γ C
H
W C
H
Z C
H
tLχR C
H
χLtR
0.84 −0.002 0.87 −0.754 0.908 0.908 −3.08 0.333
TABLE III: In this table we represent the example choice of the parameters of the model that corresponds to mχ = 1600
GeV, MH′ = 750 GeV, and ΓH′ ≈ 160 GeV. All dimensional values are given in GeV. For this choice of parameters
σpp→H′+X→γγ+X ≈ 0.018 fb while σpp→H′+X ≈ 2 pb at
√
s = 13 TeV.
Λ g
1/2
t g
1/2
χ g
1/2
tχ mt mχ MH η
13690 744 161 326 174 6000 125.4 246
MH′ ΓH′ MH′′ ΓH′′ MH′′′ ΓH′′′ MH± ΓH±
2000 700 12000.22 0.0188 7671 927 1985 717
CH
′
t C
H′
χ C
H′
g C
H′
γ C
H′
W C
H′
Z C
H′
tLχR C
H′
χLtR
2.561
−0.704 i
0.0084
−0.0017 i
0.036
+0.938 i
−0.0027
+0.2220 i
−0.0374
−0.0553 i
−0.0374
−0.0553 i
1.706
+0.505 i
0.0011
−0.0284 i
CHt C
H
χ C
H
g C
H
γ C
H
W C
H
Z C
H
tLχR C
H
χLtR
0.974 −0.0001 1.005 −0.8085 0.988 0.988 −4.09 0.126
TABLE IV: In this table we represent the example choice of the parameters of the model that corresponds to mχ = 6000
GeV, MH′ = 2000 GeV, and ΓH′ ≈ 700 GeV. All dimensional values are given in GeV. For this choice of parameters
σpp→H′+X→γγ+X ≈ 0.0002 fb while σpp→H′+X ≈ 5.2 fb at
√
s = 13 TeV.
For each value of mχ and ΓH′ there exists the discrete sequence of the values of the cutoff Λ entering our loop
integrals, for which the valuesMH = 125 GeV, η = 246 GeV, ReMH′ = 750GeV, 1200 GeV, 1600 GeV, and 2000
GeV are provided (there exists the corresponding choice of gχ, gt, gtχ). Typically in those sequences the values of Λ
differ by about the order of magnitude starting from about ∼ 3 TeV.
It appears, that the necessity to reproduce the observed coupling constants of the 125 GeV Higgs boson [70] con-
straints essentially the admitted values of the parameters of our model. In particular, only the solutions with sufficiently
large values of ΓH′ are relevant. Besides, we observe, that as it was predicted in [54] the values of the decay constants
of the 125 GeV Higgs boson become closer to the SM values as the ratiomt/mχ is decreased.
We represent in Tables I,II, III, IV, V, VI the example choices of the parameters of our model that illustrate the
dependence of various observed quantities onmχ,MH′ , and ΓH′ . It is worth mentioning, that parameters gt, gχ, gtχ
represented here are not the bare parameters of the model. They are related via the rotation with the angle α to the
bare parameters g
(0)
t , g
(0)
χ , g
(0)
tχ (for the details see [54]).
The parameters of the model fixed above allow to derive expressions for all composite scalar boson masses except
for the ones, which values depend on bt, bχ, btχ.
It appears, that the other CP even scalar boson appears, which is denoted by H ′′. Its mass is given approximately
by 2mχ, and it is composed mostly of the pair χ¯χ. The remaining neutral CP even scalar boson in [54] was denoted
by M
(2)
hthχ
. Here we denote its mass by MH′′′ . The mass of the charged scalar boson H
± was denoted in [54] by
M
(2)
H±t ,H
±
χ
.
The masses of the three CP - odd scalar bosons that may exist in this model were denoted in [54] byM
(2)
AtAχ
and
M
(1,2)
piχ,pit . Those masses depend on the parameters bt, bχ, btχ, which are not fixed here. We expect those masses to be
of the order of a few TeV.
One can see, that for the example choices of the parameters of our model presented in Tables III, IV, V, VI the decay
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Λ g
1/2
t g
1/2
χ g
1/2
tχ mt mχ MH η
6263 405 80 176 174 3500 125 246
MH′ ΓH′ MH′′ ΓH′′ MH′′′ ΓH′′′ MH± ΓH±
1200 420 7000.42 0.045 4453 583 1182.49 453
CH
′
t C
H′
χ C
H′
g C
H′
γ C
H′
W C
H′
Z C
H′
tLχR C
H′
χLtR
2.68
−0.75 i
0.0198
−0.0043 i
0.4942
+1.8658 i
0.111
+0.430 i
−0.0429
−0.0595 i
−0.0429
−0.0595 i
1.70
+0.57 i
0.0216
−0.0572 i
CHt C
H
χ C
H
g C
H
γ C
H
W C
H
Z C
H
tLχR C
H
χLtR
0.932 −0.0006 0.96 −0.78 0.95 0.95 −4.64 0.234
TABLE V: In this table we represent the example choice of the parameters of the model that corresponds to mχ = 3500
GeV, MH′ = 1200 GeV, and ΓH′ ≈ 420 GeV. All dimensional values are given in GeV. For this choice of parameters
σpp→H′+X→γγ+X ≈ 0.001 fb while σpp→H′+X ≈ 0.2 pb at
√
s = 13 TeV.
Λ g
1/2
t g
1/2
χ g
1/2
tχ mt mχ MH η
7156 537.7 129.5 260.75 174 2500 124.8 246
MH′ ΓH′ MH′′ ΓH′′ MH′′′ ΓH′′′ MH± ΓH±
1600 640 5001.75 0.52 3297 423 1645 720
CH
′
t C
H′
χ C
H′
g C
H′
γ C
H′
W C
H′
Z C
H′
tLχR C
H′
χLtR
2.76
−0.79 i
0.0571
−0.0157 i
0.122
+1.364 i
0.033
+0.317 i
−0.0470
−0.0506 i
−0.0470
−0.0506 i
1.3887
+0.3980 i
0.2422
−0.1543 i
CHt C
H
χ C
H
g C
H
γ C
H
W C
H
Z C
H
tLχR C
H
χLtR
0.969 −0.001 1.0002 −0.756 0.938 0.938 −3.837 0.270
TABLE VI: In this table we represent the example choice of the parameters of the model that corresponds to mχ = 2500
GeV, MH′ = 1600 GeV, and ΓH′ ≈ 640 GeV. All dimensional values are given in GeV. For this choice of parameters
σpp→H′+X→γγ+X ≈ 0.00017 fb while σpp→H′+X ≈ 31 fb at
√
s = 13 TeV.
constants cHt , c
H
Z , c
H
W , c
H
g , c
H
γ for the 125 GeV H boson deviate from the SM values within the error bars presented
in [70]. At the same time Tables I, II demonstrates, that when the ratio mt/mχ is increased, the deviation becomes
stronger.
It is worth mentioning, that the coupling constants for the interaction of H with the pair of t and χ are not small.
This may, possibly, explain the invisible decay width of the 125 GeV scalar boson. Besides, looking at the presented
sets of parameters one can easily find that bothH andH ′ are composed mostly of the pairs t¯LtR and t¯LχR.
For the example choice of parameters corresponding to Table I the production cross - section of the second Higgs
boson is given by the sum of Eq. (72) and Eq. (74). Assuming ζttbb ≪ 0.1 we neglect the contribution of Eq. (74)
and obtain the order of magnitude estimate
σpp→H′+X ∼ 3.1 pb (79)
for the production cross section of H ′ at the second run of LHC with
√
s = 13 TeV. The estimate for the other
considered example choices of parameters gives the result presented in the captions to Tables I-VI. Roughly, the
same quantity at
√
s = 8 TeV is one order of magnitude smaller. The decay of H ′ is dominated by the channel tt¯.
This suggests the necessity to search for the new resonance in this channel rather than in the γγ channel, where the
cross - section is rather weak (about two orders of magnitude smaller than the present experimental constraints). For
the choice of parameters represented in Table I (which is, of course, not the only choice) our results indicate that
σpp→H′+X→tt¯+X ∼ 0.3 pb for
√
s = 8 TeV is very close to the experimental upper bound represented in Table 1 of
[3] and in Fig. 11 of [79]. This upper bound is decreased when the scalar boson mass is increased, and becomes of the
order of 10−2 pb atMH′ ∼ 3 TeV. Our predictions for the cross - section σpp→H′+X→tt¯+X for the considered sets of
parameters remain smaller than the corresponding upper bound. In these references the upper bound on the decays to
t¯t is given for the first LHC run only. We expect that the run II data will constrain the value of the cross section in this
channel much stronger, and will allow either to confirm or to disfavor the scenario presented in the present paper.
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V. CONCLUSION AND DISCUSSIONS
To conclude, we considered the modified model of top quark condensation proposed in [54]. To calculate various
physical quantities we restrict ourselves by the leading order in the 1/Nc expansion, that is in practise the one - loop
approximation. In principle, there exist the higher order corrections to those expressions, but these corrections depend
on the way the theory is regularized. There is the commonly accepted methodology for working with the Nambu - Jona
- Lasinio (NJL) theories with the non - renormalizable four fermion interaction. According to this methodology only
the one - loop results are to be taken into account while the higher order ones are simply disregarded. That means, that
the given model is considered rather as the phenomenological model, and not as the true field theory. The extensive
discussion of this issue may be found in [54, 62], and in the references therein. Notice, that the example choices of the
parameters of our model considered in the present paper reveal the analogy with the NJL model of QCD [71] because
the ultraviolet cutoff entering our expressions remains of the order of the dynamical mass mχ. The situation, when
the ultraviolet cutoff is not essentially larger than the value of the dynamical fermion mass is often considered as the
condition that the NJL model gives a reasonable approximation to the more fundamental theory [72, 73].
We demonstrate, that the given model is able, in principle, to describe both the 125 GeV Higgs boson H and the
additional more heavier composite scalar boson. For the definiteness we considered the choice of parameters that
provides the valueMH′ = 750GeV (this value corresponds to the excess of events that recently caused the boom of
the theoretical papers, but which was not yet confirmed by the latest data). Besides, we consider the example choices
of parameters with MH′ ≈ 1200 GeV, MH′ ≈ 1600 GeV, and MH′ ≈ 2000 GeV. We considered several possible
values of the mass of the heavy fermion of the order of 1 TeV, and tune the other parameters of the model in order to
achieve the values of the total width around ∼ 0.3MH′ .
We found that without any modifications the model of [54] provides the value of the cross section
σpp→H′+X→γγ+X , which is essentially smaller than the observed upper bound. Moreover, whenMH′ is increased,
this cross section is decreased fast.
In the given interval of parameters our model clearly predicts the extra CP even neutral scalar boson with the mass
around 2mχ and with very small width (of the order of 1 GeV and smaller). The remaining CP even neutral scalar has
the mass of the order of several TeV. The production cross section for those two states may be estimated in the similar
way to our estimate of σpp→H′+X→γγ+X . For the considered values of parameters it is also essentially smaller, than
the present experimental upper bound. Besides, we observe, that the charged scalar boson has mass aroundMH′ . The
masses of the three CP - odd neutral scalars (i.e. the neutral pseudo -scalars) that might exist in the model, depend on
the extra three parameters of the theory and are, therefore, not constrained by the values ofMH′ and ΓH′ .
The decay of H ′ in our model is dominated by the tt¯ channel. The value of the cross - section σpp→H′+X→tt¯+X
appears to be rather large. For example, for the particular choice of parameters represented in Table I our results
indicate that σpp→H′+X→tt¯+X ∼ 0.3 pb for
√
s = 8 TeV, which is close to the experimental upper bound represented
in Table 1 of [3]. At
√
s = 13 TeV we predict σpp→H′+X→tt¯+X ∼ 3.1pb for the same choice of parameters. The
similar situation takes place for the other considered choices of parameters mentioned in Tables II, III, IV, V, VI. This
indicates, that the run II data will allow either to confirm of to disfavor the scenario presented in the present paper
basing on the analysis of the tt¯ channel.
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